Graphical techniques have become important tools to show results of maize (Zea mays L.) breeding experiments in current literature. The present study compared different graphical techniques to determine the best parental lines and cross combinations for yield and kernel quality traits in maize breeding experiments. We measured single plant yield, protein content, oil content, carotenoid content, oleic acid, and linoleic acid in a 5 × 2 line × tester design. Genotype + genotype × environment (GE) biplot, principal component analysis (PCA) biplot, and polar plot were used to analyze data and compare them with conventional line × tester analysis. In the conventional analysis, parents with high means and positive general combining ability (GCA) values were A680 and HYA for single plant yield, IHP for protein content, IHO and HYA for oil content, A680 and Q2 for carotenoid content, IHP for oleic acid content, and A680 for linoleic acid content. The B73 tester exhibited positive GCA values for most investigated traits. The HYA × B73 combination was the best cross in terms of single plant yield, protein, and oil contents. Results showed that biplot methods had both advantages and disadvantages. The PCA biplots can be used alone while the GGE biplot and polar plots are both useful for combining ability, heterosis, and gene action analysis in a line × tester design. Overall, graphical analysis results were very similar to conventional analysis. Consequently, it was assumed that the graphical methods used could be useful to analyze/present data from maize breeding experiments carried out with a line × tester design.
INTRODUCTION
High yield is one of the main breeding goals in maize (Zea mays L.) Substantial work has been carried out to develop both yield and quality traits (Egesel et al., 2013) . The main traits to improve maize kernel quality are protein and oil content. Normal maize genotypes contain 8% to 11% protein and 3.0% to 5.5% oil (Langade et al., 2013) . Minor components, such as fatty acids and carotenoids, are also desirable traits along with the major components. The high content of unsaturated fatty acid in maize oil is the main factor in its high quality (Ozcan, 2009 ). Thus, increasing oleic acid in maize oil can promote its use for food and industrial purposes (Mittelmann et al., 2003; Pollak and Scott, 2005) . Carotenoids are major antioxidant biomolecules in maize grain; increasing carotenoid content is one of the main objectives of bio-fortification (de Almeida Rios et al., 2014) . Numerous breeding experiments have been conducted in different countries to develop the abovementioned traits, and breeding materials have been evaluated using different breeding designs.
Crop breeders seek the most appropriate materials for breeding and the way to present clearly the results of experimental scientific studies. Graphical techniques have become important tools to demonstrate such results from maize breeding experiments in current literature. The most used breeding designs are bi-parental, multiple crosses, test crosses, line × tester, and diallel designs (Nduwumuremyi et al., 2013) . The main objective of these designs is to determine the combining abilities of experimental crosses and parental lines besides understanding the heredity of the investigated traits. Line × tester analysis (l x t), which is a modified version of top cross design, is commonly used (Sharma, 2006) . The most important advantage of this method is that it enables evaluation with less experimental materials compared to other designs. On the other hand, heterosis analyses can also be carried out with this method. The l x t design has been used in studies about yield and agronomic traits (Turgut, 2003; Elmyhum, 2013; Amin et al., 2014) , as well as in research aimed at kernel quality (Bekele and Rao, 2013; Mahesh et al., 2013) .
Although breeding designs have different applications, their common problem is the visual presentation of results. Researchers look for alternatives to conventional methods in terms of comprehensibility and visual quality. Various graphical methods have been developed. Biplots are the leading choice for visualizing the results of breeding experiments. The genotype + genotype × environment (GGE) biplot analysis is the main method to demonstrate the combining abilities of parents and crosses. Thus, this method has commonly been used to evaluate combining abilities in maize breeding experiments in recent years (Mostavi et al., 2012; Badu-Apraku et al., 2013; Ruswandi et al., 2015) . Additionally, the canonical discriminant analysis with yypothesis error (CDA-HE) plot has also been used to evaluate genotypes in breeding experiments for investigated traits (Egesel et al., 2011) . Polar plot is a new method for heterosis analysis and gene action analysis (Lisec et al., 2011) . Another alternative method, a multivariate graphical method known as principal component analysis (PCA) biplot, has not yet been used to establish combining abilities in breeding experiments. Hence, there is a need to compare different graphical methods to show results of maize breeding experiments, such as the l x t design. Therefore, our aim was to investigate the combining abilities of parents and crosses in l x t (5 × 2 designs) for plant yield and several kernel quality traits. We compared GGE biplot and PCA biplot to visualize the combining abilities in an l x t design. Furthermore, the study aimed to determine the heterosis values of crosses and state the advantages and disadvantages of different graphical methods. Polar plots were applied to the heterosis analysis and gene action analysis was performed for the investigated traits.
MATERIALS AND METHODS
A breeding set was used in this study, which contained 10 crosses, 5 female parents, and 2 testers (Table 1) . For the female parents, IHO has high oil content, IHP has high protein content, and HYA has high values of both oil and protein contents. The Q2 line has opaque kernel structure and the A680 line has high oleic acid content. The B73 and Mo17 testers are commonly used as parental lines and are known as representatives of the Reid Yellow Dent and Lancaster Sure Crop heterotic groups, respectively. This set was generated in 2012.
The evaluation trial was carried out in Dardanos Agricultural Research Station, Çanakkale Onsekiz Mart University, Çanakkale, Turkey, and was based on a randomized block design with three replicates. Each genotype was planted in two-row plots with a plot driller in May 2013. Seeds were planted at a distance of 70 × 20 cm apart with a sowing density of 71 400 plants ha -1 . Fertilization was based on soil analysis and 180 kg ha -1 pure N was applied as fertilizer (ENTEC perfect, EuroChem Agro GmbH, Mannheim, Germany). Plots were watered by drip irrigation method according to plant needs. Hand pollination was used to prevent any possible pollen contamination between genotypes, and at least six ears were pollinated by hand for kernel quality analysis. Six open-pollinated and six hand-pollinated ears were harvested after physiological maturity and stored for yield determination and quality analysis, respectively.
To determine yield, open-pollinated ears were shelled and weighed on a laboratory balance. For quality analysis, hand-pollinated ears were shelled and ground in a laboratory mill (Pulverisette 14, Fritsch, Idar-Oberstein, Germany) with a 0.5 mm sieve. Protein and oil contents of the samples were determined with a near infrared reflectance (NIR) spectrophotometer (SpectraStar 2400D, Unity Scientific, USA). Carotenoid content was quantified spectrophotometrically according to Rodriguez-Amaya and Kimura (2004) . Carotenoid was determined at 450 nm with an ultraviolet-visible (UV-VIS) spectrophotometer (T60, PG Instruments Ltd., Lutterworth, UK). Oleic and linoleic acid contents were determined with an NIR spectrophotometer (SpectraStar 2400D, Unity Scientific, Waltham, Massachusetts, USA). To do this, 50 g of ground samples were suspended in diethyl ether overnight. The ether was evaporated in a rotary evaporator yielding crude oil, 300 µL of the crude oil were pipetted into a transflectance cup of the spectrophotometer, and spectral readings were taken within a 1200-2400 nm interval. The spectra were then subjected to a local calibration model to define oleic and linoleic acid contents of the samples.
Data were analyzed with the SAS macro programming language developed by Bartolome and Gregorio (2000) . Differences between genotypes for investigated traits were analyzed by the LSD test (P ≤ 0.05). ANOVA was performed as outlined in (GCA) and specific combining abilities (SCA) of parents, and the mid-parent heterosis (MPH) values of crosses:
(FS) -2Cov (HS) + trCov (HS)
GCA lines (l) = Xi -Y GCA tester (t) = Xj -Y SCA (l x t) = Xij -Xi -Xj -Y where Xi is the mean of a cross with a given line (female) averaged over all replicates and testers (males), Xj is the mean of the cross with a given tester (male) averaged over all replicates, years, locations, and lines (females), Xij is the mean of a given cross (l × t) averaged over replicates, and Y is the experimental mean. The MPH values were calculated using mid-parent (MP) values and cross performance (HYB) as follows:
Two different biplot analyses were performed in this study. The first was PCA biplot analysis applied with the numerical results of conventional l x t analysis with the BiplotGUI package of R software (La Grange et al., 2009 ). Center and scale transformation were applied to data and biplots were created separately for parents and crosses. Secondly, the GGE biplot method was applied with the GGEBiplotGUI package in R statistical software (Frutos et al., 2014) .
Heterosis and gene action analysis were performed with polar plots (Lisec et al., 2011) . These plots were generated with the R code obtained directly from Jan Lisec. Cross means and their parental values were entered into the R software (R development Core Team, 2012), and the cross differences of their parents were then calculated. Mid-parent heterosis (MPH) values obtained from these calculations were transformed into degrees and radius to obtain more sensitive results. Polar plots were divided into 12 sections, and evaluations were made based on where the cross values are located in the plots. For more detailed information about this method see Lisec et al. (2011) .
RESULTS AND DISCUSSION
Preliminary variance analysis showed there were significant differences between genotypes for all investigated traits.
Parents and crosses also showed significant differences in most investigated traits. However, female parents displayed no significant variation for protein and linoleic acid contents while the testers had no significant variation for single plant yield, oil content, or oleic and linoleic acid values (Table 3 ). In the current study, the l x t effect consisted of the total sum of squares for single plant yield while the lines contributed a high degree of variation in the expression of other traits related to kernel quality (Table 3 ). These findings indicated that lines showed a large variation in kernel quality traits. Estimates of additive and dominance variance showed that all traits were inherited by non-additive gene action, except carotenoid content. This result agreed with previous studies suggesting a preponderance of non-additive gene action controlling kernel quality traits (Amit and Joshi, 2007) as well as kernel yield per plant (Saleem et al., 2002) . However, some studies revealed that these traits were influenced by additive type gene action (Wattoo et al., 2009 ). These differences could be attributed to large differences between the parental lines of different studies.
Parental means ranged from 48.4 to 133.1 g, 9.6% to 21.7%, 3.33% to 14.5%, 3.03 to 12.7 µg g -1 , 22.1% to 47.1%, and 40.7% to 63.8% for single plant yield, and protein, oil, carotenoid, oleic acid, and linoleic acid contents, respectively. The superior parents in terms of genotype means and combining ability values were HYA, A680, and B73 for single plant yield; IHP, IHO, and B73 for protein content; IHO, HYA, and B73 for oil content; HYA, A680, Q2, and Mo17 for carotenoid content, all genotypes, except A680 and Mo17 for oleic acid, and A680 and Mo17 for linoleic acid. The cross means ranged from 137.7 to 248.0 g, 6.4% to 13.5%, and 3.5% to 8.0% for single plant yield, protein content, and oil content, respectively. For single plant yield, HYA×B73, IHP×B73, and A680×Mo17 surpassed others in terms of cross means and SCA values (Table 5) . For protein content, the superior crosses with high means and positive SCA values were HYA×B73, Q2×Mo17, and IHO×Mo17 (Table 5 ). The HYA×B73, IHO×Mo17, IHP×B73, and Q2×Mo17 crosses were the best combinations for oil content ( (Table 5) . Considering SCA values, the five crosses had positive values for carotenoid content as well as oleic and linoleic acids. Combinations generated by A680, HYA, and IHO female parents crossed with the B73 tester had positive values for linoleic acid content while their crosses with the Mo17 tester had negative values. A similar result was observed in combinations generated by IHP and Q2 female parents for oleic acid content (Table 5 ). Yield variation in parental means and combining ability values were similar to those of some previous studies while results for protein and oil contents were different (Balci et al., 2004; Werle et al., 2014) . This result relied on the parents in our study (such as IHO, IHP, and HYA), which had higher values for protein and oil contents (Table 4) . Total carotenoid content variation in our study was lower than the ones determined in earlier studies (de Almeida Rios et al., 2014) . This is because we used white maize inbreds, such as IHO and IHP, in our study, which have lower kernel carotenoid content.
The other result obtained from conventional l x t analysis was heterosis in crosses for observed traits. Five crosses (HYA×B73, IHO×B73, IHO×Mo17, IHP×B73, and IHP×Mo17) had positive heterosis for single plant yield, and two crosses (A680×B73 and Q2×Mo17) had positive heterosis for protein content. The crosses generated by A680 and Q2 showed positive heterosis for carotenoid content. Other crosses, except for the A680 parent combinations, had negative heterosis for oleic acid content but had positive values for linoleic acid content (Table  5) . In previous studies, positive heterosis was also reported for yield; however, negative or no heterosis was found for oil and protein contents (Bekele and Rao, 2013) . Our results concur with findings of previous research for yield although they are different for oil, protein, and oleic acid contents. This result was related to using particular parents (i.e., high protein and high oil) in our study (Table 1) .
Results of the PCA biplot representation are shown in Figure 1 . This figure summarizes the GCA values of parents (Figure 1a, 1b) and SCA values of crosses (Figure 1c,  1d) . The PCA biplots explain most of the variation in the observed traits where 74.3%, 92.3%, 77.8%, and 78.6% of total variation are explained in Figures 1a, 1b, 1c, and 1d , respectively. Regarding PCA biplots, the best female parents were A680 and Q2 for yield, IHO and HYA for oil content, and IHP for protein content (Figure 1a) . Testers showed higher values for carotenoid and linoleic acid content compared to female lines. The A680, IHO, and IHP lines had high mean values for oleic acid content; IHO and IHP also had positive GCA for this component (Figure 1b) . The HYA×B73, IHO×Mo17, A680×Mo17, and IHP×B73 crosses had both high mean and positive SCA values for yield and protein content. The IHO×B73 and IHO×Mo17 crosses had high oil content; however, the HYA×B73 cross had the highest positive SCA value (Figure 1c ). The IHP×B73 cross was the best for oleic acid and A680×B73 was the best for linoleic acid. The A680×Mo17 cross showed the best performance with the highest mean and positive SCA values for carotenoid content (Figure 1d ). The Q2×B73, A680×Mo17, HYA×Mo17, IHO×Mo17, and IHP×B73 crosses had positive SCA values for oleic acid while other crosses had positive SCA for linoleic acid (Figure 1d ).
Both mid-parent heterosis values, and mean performance are summarized by PCA biplots in Figures 1e and 1f . The PCA biplots showed that the IHP×B73 and HYA×B73 crosses had high mean values for yield and protein content. These crosses also showed positive heterosis for yield. Positive heterosis values were observed for oil and protein contents in the Q2×Mo17 and Q2×B73 crosses ( Figure  1e ). Carotenoid content was higher in crosses generated from A680 and Q2 lines. Crosses generated from A680 had positive heterosis values for linoleic acid while the other crosses had positive heterosis for oleic acid (Figure 1e) . Results from PCA biplot analysis were very similar to those from conventional analysis (Table 4) . Thus, we can say that the PCA biplot is a good choice to represent graphically the heterosis analysis results. This method not only enabled the presentation of MPH values for observed traits but also exhibited the superior cross combinations. Figure 2 shows the GGE biplot outputs that were obtained using the mean vs. stability option. Most of the variation is explained by the first principal component in the GGE biplot analyses. It explained 81.79%, 76.61%, 86.57%, 99.29%, 93.95%, and 89.49% of the total variation in yield, and protein, oil, carotenoid, oleic acid, and linoleic acid contents, respectively (Figure 2) . Mean GCA * , ** Significant at the 0.05 and 0.01 probability levels, respectively. Different lowercase letters indicate significant differences according to LSD test (P < 0.05) between genotypes. SE (GCAi) lines: standard error for GCA effects for lines. SE (GCAi) testers: standard error for GCA effects for testers.
Three components were used when presenting the combining abilities of the genotypes in the GGE biplot methodology. The first is the average tester coordinate (ATC), the second is the ATC abscissa, and the third is the ATC ordinate. The ATC is a virtual tester shown as a small circle in the GGE biplot diagram. The ATC abscissa is shown as a thick arrowhead line in the GGE biplot diagram, and it differentiates the average tester from the biplot origin. The ATC ordinate is a double-arrowhead line positioned vertically with the ATC abscissa (Yan and Hunt, 2002) . The GCA effects of the parental lines were evaluated by an arrow on the ATC ordinate while the SCA effects are investigated by projecting an ATC ordinate from the biplot origin (Yan, 2001) . If the tester is positioned on the right side of an ATC ordinate, it is considered as having positive GCA values. If it is positioned on the left side of the ATC ordinate, it is accepted that the tester has a negative GCA value for the analyzed trait in GGE biplot methodology (Yan, 2001) .
In our study, the best female parents were HYA, A680, and IHP for yield and IHO and IHP for protein, IHO and HYA for oil, A680, Q2, and HYA for carotenoid, IHP and IHO for oleic, and A680 for linoleic acid contents. The B73 tester was the best combiner for the four investigated traits, except for oleic and linolenic acid content. The Mo17 tester hada better performance for oleic and linolenic acid contents (Figure 2 ). Projecting the lines to the ATC ordinate and its position on the GGE biplots indicated the SCA values of the crosses. The best cross combinations were HYA×B73 and A680×Mo17 for yield, IHO×Mo17 and IHP×B73 for protein, IHO×Mo17 and HYA×B73 for oil, HYA×Mo17, A680×B73, and Q2×B73 for carotenoid, IHO×Mo17, HYA×Mo17, and Q2×B73 for oleic acid, and A680×Mo17 and A380×B73 for linoleic acid contents. Both GCA and SCA results were similar to the results from conventional analysis (Tables 4 and 5) .
Previous research has shown that the polygon view of GGE biplots enabled classifying genotypes according to their heterotic group (Fotokian and Agahi, 2014) . We did not take this view because our study aimed to show the potential for presenting results from conventional analysis by graphical analysis. Although the GGE biplot offered such an additional opportunity, this method could not provide the opportunity for heterosis analysis in conventional analysis. From this standpoint, we can speculate that for heterosis and gene action analysis, GGE biplot analysis exhibits an important disadvantage.
Polar plot is an advanced method for visualizing heterosis and gene actions. Positive heterosis was observed for plant yield, and overdominant gene action appears to play a role in changing this trait (Figure 3a ). Oil and protein content were lower in crosses than in their parental means. Although additive type gene actions generally play a major role in changing these traits, only one cross was negative over the dominant gene action (Figure 1a ). This result is consistent with the result of conventional analysis (Table 2) . Crosses diagrams for parents (a, b) and crosses (c, d) representing means and combining  abilities. Heterosis and mean values for crosses shown in separate diagrams (e, f) . outputs for yield (a), protein content (b), oil content (c) , carotenoid content (d), oleic acid ratio (e), and linoleic acid ratio (f). Plotting parameters were Transform = 0, Scaling = 0, Centered = 2, SVP = 2.
performed better for oleic acid than tester lines; however, they had higher values than their female parents and lower values than the tester lines (Figure 3b ). It cannot be said that there was any obvious type of gene action for these mentioned traits. However, we speculated that dominant and additive type gene actions played a more prominent role in changing these traits (Figure 3b ). Previous findings also showed that yield was controlled by dominant gene actions in maize (Unay et al., 2004 ) while kernel quality traits, such as protein and oil contents, were mainly controlled by additive effects (Rosulj et al., 2002; Wattoo et al., 2009 ). The number of crosses with positive or negative heterosis values can be seen in the polar plots, which is the main advantage of this method. Additionally, this method clearly showed the differences between crosses and their parents (male or female). The main disadvantage of this method was that cross names were not seen in the plots. This problem can be solved by making changes in the macro of the polar plots where studies can be arranged with a small number of crosses. In studies with a high number of crosses, only outlier crosses can be named.
CONCLUSION
We found that the best parents were A680 and HYA for single plant yield, IHP for protein content, IHO and HYA for oil content, A680 and Q2 for carotenoid content, IHP for oleic acid content, and A680 for linoleic acid content. The HYA×B73 cross can be introduced into the cross breeding program with multipurpose objectives to improve both yield and main quality traits, such as oil and protein contents. We made a detailed comparison of different graphical techniques in terms of their potential and ability to present the results of a maize breeding experiment. The advantages and disadvantages of the graphical methods should be considered for their potential use in breeding experiments. The principal component analysis (PCA) biplot method has an important advantage because it can simultaneously present the means and combining abilities of the investigated traits. The GGE biplot methodology is only able to show the combining abilities of the breeding materials; however, its main advantage is the possibility of inputting raw data into an analysis program. In the PCA biplot method, conventional analysis was performed and the results were then inputted into a special package of analysis software. From this standpoint, the PCA biplot should be considered as a representative method, not as genetic analysis methodology. The other weakness of the PCA biplot method is the difficulty of presenting all the variations when the means and combining abilities are shown together.
In conclusion, it can be inferred that biplot methodologies can be used for evaluating parents and crosses in a line × tester design. These methodologies provide easily understandable outputs. The PCA biplot method can be used alone or the genotype + genotype × environment (GGE) biplot method can be used together with polar plots for analyzing/representing data obtained from breeding experiments. plots for yield, protein content, and oil content (a); carotenoid content, oleic acid content, and linoleic acid content (b) .
In these plots, null triangles, filled circles, null circles, filled squares, null triangles, and null squares indicate yield, and oil, protein, carotenoid, oleic acid, and linoleic acid contents, respectively. L: line, F1: cross, T: tester.
